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(Paper No. 3679.) 

" Loss of Pressure in Water flowing through Straight and 
Curved  Pipes." 

By ARTHUR WILLIAM  BRIQHTMORE,  D.Sc., M. Inst. C.E. 

IN 1902 the  Author  had  the pleasure of inaugurating, at  the Royal 
Indian Engineering College,  Coopers Hill,  under Sir J. W. Ottley, 
K.C.I.E., M. Inst. C.E., the President,  a  hydraulic  laboratory  for 
facilitating the proper teaching of hydraulics. As  this College has 
now ceased to exist, it seems fitting  that  the experimental investiga- 
tions which the  Author proposes to describe in  the following Paper 
should be placed on record, both on account of the  interest which 
attaches  to  any carefully-conducted experiments of a useful natu;e, 
and also in memory of the short-lived  laboratory in which they were 
conducted. 

I n  arranging  the laboratory it was  decided that  all  the experi- 
ments  to be made should be on  a practical basis, and  that mere 
models should not be used, but  that all the  apparatus should be  of 
types in actual every-day use. As it was necessary to be indepen- 
dent of the College water-supply, a cast-iron tank having a capacity 
of 14,000 gallons was mounted on six braced steel columns, so that 
its  top water-level was 50 feet above the floor of the laboratory ; and 
a cast-iron tank of similar capacity was  placed beneath the floor of 
the laboratory. The  water from the  latter was lifted into  the upper 
tank by means of pumps of various types, the efficiency of which 
could  be determined experimentally, and was then available for 
experiments  on the eEciency of the different types of turbines 
installed, or for the verification of the formulas  relating to  the flow 
of water  through notches, orifices, channels, pipes, etc. 

Loss of Head in Straight Pipes.-Keeping in view the idea of 
having  everything on a practical scale, the pipes used in  this 
investigation were 3 inches, 4 inches, and 6 inches in diameter, 
and each range of pipes was 50 feet in length.  The pipes were 
arranged in parallel rows, one above the  other,  as shown in 
Fig. 1, and connected a t  each end to a common stand-pipe. A 
full-way stop-valve was b e d  on each pipe at  its connection to 
the  inlet stand-pipe, and  the  latter was connected by a pipe to  the 
upper tank. From the  outlet stand-pipe  a  return-pipe,-6 inches in 
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diameter, led to  the lower tank, a valve being provided on it, in a con- - _  
venient position, for  regulating the flow 
through  the pipe under observation. In  
the centre  portion of this return-pipe two 
lengths of pipe, 3 inches or 4 inches in 
diameter? could be inserted  for experi- 
ments  on sudden enlargements and con- 
tractions.  The pipes were cast specially 
for the experiments, and were all flanged ; 
they did not vary appreciably from their 
nominal diameters? but  in order to ensure 
the proper mean velocity being obtained 
a t  the points a t  which the pressures were 
read, a junction-box 6 inches in length, 
bored out to  the exact diameter, was  fixed 
between the ends of each two consecutive 
pipes, and the connections to  the pressure- 
gauges (which are numbered in Fig. 1 )  
were inserted into  the centre of these 
junction-boxes on their horizontal dia- 
metrical plane. I n  the lower tank was 
placed a copper float guided in  the vertical 
direction and surmounted by a rod which 
projected through an opening in  the 
laboratory floor and carried a  pointer at  
its upper extremity.  The rod worked 
inside a flanged tube, screwed to the 
floor of the laboratory and having a 
vertical slot in it through which the 
pointer  protruded.  The edge of the ver- 
tical slot was graduated in gallons by 
pouring known volumes of water into  the 
tank,  and each time  marking the position 
of the pointer.  Thus the  quantity of 
water delivered into  the lower tank  in 
any given time could be read off. The 
pipes were connected to  the pressure- 
gauges by  copper tubes, # inch in external 
diameter, provided with cocks so that  the 
loss of pressure in 10-foot, 20-foot or 
30-foot lengths of the pipes could be 
read off on the gauges, which  were  fixed 
on the adjacent wall of the laboratory. 

In  order to avoid discrepancies d i e  to  the proximity of the 
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stand-pipes at  the ends, the loss of pressure-head in  the extreme 
lengths of the pipes was not measured. 

Many experiments have been made a t  different  times on pipes 
coated with  varnish and various other coverings, but it appeared to 
the  Author  that a pipe for permanent use should not be credited 
with  a delivery greater  than  that of a  cast-iron pipe rusted  but 
not tubercled, i.e., the condition of a cleaned cast-iron pipe from 
which the varnish has become detached. It is well known that  the 
condition of the  inner surface of a pipe makes a considerable 
difference in  the  quantity of water it is capable of discharging under 
a given head, particularly in  the case of small pipes, and  that  the 
delivery always falls off as  the condition of the inner surface 
deteriorates. The pipes  used in  the experiments to be  described 
were therefore  not coated, but were allowed to  rust,  the process 
being facilitated by the presence of sal-ammoniac dissolved by the 
water in  the  tanks from the  rust  joints;  any tubercles which 
formed in  the pipes were,  however, scraped off. 

The  temperature of the water during  the experiments did not 
vary much from 64' F. 

The type of pressure-gauge used is illustrated in Figs. 2 ; it is 
essentially an inverted U-tube provided with cocks, A, at  the lower 
extremities of the legs, which were connected by copper tubes, as 
already described, to  the junction-boxes on the pipes, between which 
it was desired to measure the loss of pressure. I n  order readily to 
get  rid of any  air  in  the pipes connecting up  the gauges, and  to 
regulate the  amount of air  in  the  latter so that  the tops of the two 
water-columns could be easily seen, a  three-way cock, B, was pro- 
vided, which  allowed the water to be run out, and also enabled the 
water-level in  the two legs of the  tubes to be equalized. To 
facilitate running  the water out of the gauges, two air-cocks, C, were 
provided at  the top, which also served to get rid of any  air when oil 
was  used in the upper part of the gauge-oil-cups, provided with 
cocks, being fixed on the  top  at  the centre, to facilitate the introduc- 
tion of oil into them when desired. A scale graduated in inches 
and  tenths of an inch, with  a  rack  attached to it, was  placed between 
the two legs of the gauge and was moved by means of a pinion, 
turned by a milled head, so that  the zero of the scale  could be  placed 
opposite the water-level in one tube, and  the level of the water in 
the other tube relatively to the  latter read off directly. When  the 
loss of head was h g e  enough to be easily read off without magnifi- 
cation, the upper portion of the  tube simply contained air,  and, 
since the pressure to which it was subjected was never much more 
than  an additional atmosphere, .the weight of the column of air equal 
in height to  the difference of ijhe water-levels in  the two legs was 



318 BHOHTMORE ON LOSS OF PRESSURE IN WATER [Sclecte(I 

negligible. When  the difference of pressure was very small the 
top of the inverted U was filled with 

Figs. 2. 

Scale 2 Inches - I Foot 
INCHES 2 I p 3 6 INCHES 

PRESSWRE-GAUGE. 

paraffin, the specific gravity 
of which was found to be 
0-812. The difference of 
pressure was then  that due 
to a head equal to  the 
difference between the 
heights of the two wvnter- 
columns, of aliquid having 
a specific gravity equal to 
the difference between the 
specific gravities of water 
and paraffin ; and the mag- 
nification of the reading 
was therefore 

1 1 
1-0'812 0.188 

= p - 5 . 3 2 ;  

i.e., the reading was 5.32 
times . the reading  with 
air. 

The inlet-valve of the 
particular pipe being ex- 
perimented upon was fully 
opened-the inlet-valves of 
the other pipes being of 
course closed - and  the 
quantity of water flowing 
through  the pipe was regu- 
lated by the valve on the 
return-pipe. The flow 
through  the pipe in a 
given time was read o f f  in 
gallons from the position 
of the pointer connected 
to  the float in  the lower 
tank,  into which the water 
was discharged; and  the 
loss of pressure in  the 
given length of pipe was 
read off on the pressure- 
gauge. 

Since the motion of the water in a rough pipe consists of an ever- 
changing series of eddies, the loss of head between two given 
sections of a pipe is by no means a constant quantity,  but varies 
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between certain  limits,  particularly at  high velocities ; the average 
reading on the gauge was recorded in each  case. The logarithmic 
homologues of the loss of head in 20-foot lengths of the 3-inch, 
4-inch and 6-inch pipes for velocities varying between 1 * l  foot per 
second and 14.7 feet per second are plotted in Fig. 3. The 
logarithms of the velocities are plotted horizontally and  the 
logarithms of the losses of head in 20-foot lengths are plotted 
vertically. It will be seen that  the plotted results lie in each  case 
on’a straight line, except for very low velocities, when the loss  of 
head is proportionately  greater than  for higher velocities. This 
increased loss of head at  very low velocities is, however, immaterial, 
as  the size of a pipe is ruled by the maximum discharge through it 
dith  the available head. The inclination of the  straight lines in  all 
three cases is found to be almost exactly 2 : 1, showing that, for the 
condition of internal surface experimented upon, the velocity varies 
as  the square  root of the loss of head. 

The equations of the lines in Fig. 3 are 

For 3-inch pipe . Log V = 0 -  124 + 5 Log h 
V = 1.33 X Jxi J240+4 

= 1.33 X 31.0 .Jdi 
= 41.3 .,Id<: 

For 4-inch pipe . . Log V = 0.248 + Log h 

For 6-inch pipe . . Log V = 0.363 + 3; Log h 
whence V = 47 5 Jx 
whence V = 50.6 ddi. 

The coefficients in  the Chezy formula for material velocities are  thus 
seen to be constants  having the following values for the  three cases :- 

Diameter of Pipe. 
Inches. 

3 
Formula v = e J d  i. 
Coefficient c, in the- 

41.3 
47’5 
50’6 

v is the velocity in feet per second ; d is the diameter of the pipe 
in feet ; and i is loss of head per unit length. 

These figures show that  the allowance made by Rankine’s form of 
the Darcy formula’  for the coefficient in  the above-mentioned 
formula, namely- 

c =  ~ _ _ _  a  constant 
1 

does not give a sufficient reduction for:.pipeslof smaller diameter 

1 W. J. 1. Rankine. ( (  Civil Engineering.” 12th ed., p. 685. 
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when rusted but  not tubercled. The following formula has been 
devised, which agrees with the foregoing results  for small cast-iron 
pipes in  this  state  and with the values given by Darcy for larger 

pipes ; the  latter have been  confirmed  by numerous experimenters, 
and are generally accepted as safe values for cleaned cast-iron pipes. 
The formula for  the velocity in cleaned cast-iron pipes which the 
Author proposes is- 
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1 + -l- 
40 d? 

For large pipes the first factor becomes 56 ; for &inch pipes it is 
50.9 ; for 4-inch pipes 4 5 . 7 ;  and for 3-inch pipes 40.0. These 
values, it will be noticed, agree very well with the experimental 
results, but  the formula favours the smaller pipes,  which is a good 
fault. It is of course recognized that for a smoother internal 
surface the coefficients  would  be higher, e.g., in  the case of two 
3-inch pipes which had to be used fresh from the foundry in  the 
following experiments on enlargements and contractions, the 
coefficients  were specially determined, the values given in Table I 
being obtained a t  three different velocities. I n  Table 111, also, are 
given the values of the coefficients for three different velocities for 
some 3-inch galvanized pipes used in connection with the investiga- 
tions  relating to bends ; in  this case,  owing to the smoother surface 
of the pipes, the coefficients are considerably larger and also vary 
with the velocity. 

Loss of Head  at Sudden Contractions and Enlargements.-As no 
reliable experimental data on the subject of loss of head at sudden 
contractions and enlargements are available, SO far as the  Author i s  
aware, the following series of observations of such losses at  sudden 
contractions from 6 inches diameter to 4 inches diameter, and from 
6 inches diameter to 3 inches diameter, and a t  corresponding sudden 
enlargements, may be  of interest. As the eddies induced by such 
sudden changes in  the velocity take some time to die out, it is 
obvious that  to measure the  total loss due to such changes it is 
necessary to measure the loss in a length of pipe containing such 
contractions and enlargements, allowing a sufficient length on the 
discharge-side for  the additional eddies to die out,  and for the flow 
to become normal again. The measurements of  loss  of pressure were 
therefore made from a point some feet away on the approach-side to 
a point about 10 feet away on the discharge-side (gauges Nos. 5 and 
6, Fig. l ) ,  and  then allowance was made for the loss of head at  the 
corresponding velocity in  the lengths of pipe included ; there had 
also to be taken  into account, in  the case of contractions, the 
decrease of pressure due to  the increase in velocity, and in the case 
of enlargements, the increase of pressure due to  the decrease of 
velocity. I n  the change from  6 inches to 4 inches diameter the 
coefficient found from the experiments  on similar pipes in  the range 
was  used, but  in  the change from 6 inches to 3 inches diameter, 
as the 3-inch pipes inserted in  the length of 6-inck return-pipe, 
[TEE INST, C.E. VOL. CLXIX.] m 
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in place of the 4-inch lengths shown in Ftg. 1 ,  were new from the 
foundry, the coefficients  were specially determined  for those two 
lengths ; the values obtained are given in  the following Table :- 

TABLE I. 

New 3-Inch  Pipe following Contraction. 
3 Inches to 6 Inches. K Inches to 3 Inches. 

New  3-Incl1 Pipe preceding Enlargement. 

~- ~~~ __ 

These averages were used in calculating the loss  of head in these 
pipes ; and  they prove that  the mere rusting of the inside surface of 

the pipes considerablyreduces their 

The  results of these experiments 
are plotted in Figs. 4 and 5. Velo- 
cities are plotted horizontally, and 
the  net loss of head vertically, and 
it will be seen that  for a contraction 
and  an enlargement of two and a 
quarter times, the measured losses, 
which are indicated in each Figure 
by crosses, are less than those 

given by the expression ( V - V ) Z  -~ -~ 

(where V is the velocity in the 
smaller and v the velocity in  the 
larger pipe), which are indicated 
by the dotted curves. It will also 
be seen that for a contraction and 

FEETPER an enlargement of four times, the 

NET Loss OF HEAD AT SUDDSX Cox- 
vELociT'Es IN 6-iNCn losses of head actually measured 

TRACTIOM OF AREA OF 24 : 1 AND 4 : 1. are, in each  case, in very close agree- 
ment  with the theoretical values. 

It is interesting  to compare the loss of head in a pipe 
gradually: contracting and  then @ill pore gradpally enlarging 

Fiy. 4. 
INCHES discharge under a constant head. 

2 g  
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to  its original size with the theoretical values for a sudden 
contraction and enlargement. The results given in Table I1 

TABLE 11. 

Contraction of due to the Loss of Head Loss of Head Velocity of 
Total Loss 

and ~ x ( V - V ) ? X ~ ~  Contraction in the in the Flow  in the 
Enlargement. 2 g  and the Enlargement. Contraction. 4-Inchpipe. 

Enlargement. 

EA$:: Inches. Inches. Inches. Inches. 

__-__-- ---__ ------ ___ 

5:1 

214.7 35.8 19.2 16.6  6 

149'1  26.1 14.7 11 .4  5 
95 '4  16.1 9.7 6.4 4 
53.7 9.2 5 . 5  3.7 3 1:5 

23'9  3.9 2 . 0  1.9 2 

l 

were obtained from experiments  on a 4-inch pipe contracting in 8 
inches to one-fifth its normal area and enlarging again to 4 inches 
diameter in a  length of 2 
feet 3 inches, the loss in 
the same length of 4-inch 
pipe being deducted. It 
will  be seen that, as might 
be expected, the loss in 
this case is very consider- 
ably less than  that given 
by the theoretical formula 
for a sudden contraction 
and enlargement. 

Loss of Head due to 
Bends.-The loss of head 
in pipe-bends is a subject 
which has not been suffi- 
ciently investigated, and 
the results obtained in 
the following experiments 
indicate quite different 
losses from those antici- 
pated. 

The .following pipe- 
bends were experimented 

Pig. 5. 
IXCHES 

0 I I- A ' :: ' b '*+!FEET PER 
L<>Y- 

VELOCITIES IN THE G-iNCt4 PIPE 

NET LOSS O F  HEAD AT SUDDEN ENLAXQEMENT~ 

OF AREA OF 1 : 22 AND 1 : 4. 
upon :-In 3-inch pipe, a 
right-angled elbow and right-angled bends of radii equal to 2, 4, 6, 

n 2  
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8, 10, 12, and 14 diameters ; and  in 4-inch pipe, a right-angled elbow 
and right-angled bends of radii equal to 2, 4, 6, 8, and 10 diameters. 
Like  the  straight pipes, these bends were left uncoated and the 
internal surface was  allowed to  rust. It was found that most  of the 
loss of head due to  the bend does not  take place in  the bend itself, 
but  in  the  straight pipe following the bend. Consequently, in 
measuring the loss  of head, a  length of straight pipe sufficient for 
the flow to become normal again was included with the bend, and 
the normal resistance in a straight pipe equal in length to  the bend 
and  this  length of straight pipe was subtracted, so that  the losses 
plotted in  the curves are  the  extra losses due to curvature. 
The  arrangements of the pipes for these experiments are 
indicated in Figs. 6 ; the positions of the experimental bends 

are denoted by the  letter X, and  the points at  which the 
pressure-gauges (marked 12 and 13) were connected are  shown; 
at  the inlet-end the connection to  the gauge was less than 1 foot 
from the commencement of the bend, but a straight length of 
7 feet  in  the case of both the 3-inch pipe and  the 4-inch pipe 
preceded this connection, and  the flow appeared to Pe practically 
normal at  that section, as indicated by the  fact  that  there was very 
little difference of pressure between the two sides of the pipe at  that 
point.  The length of straight pipe following the bend, the resistance 
of which was included with that of the bend, was, in  the case of the 
3-inch pipe, 6 feet 8 inches, and  in  the case  of the 4-inch pipe, 
5 feet  and 6 feet 7; inches, in  different experiments. In  the former 
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the resistance in  the succeeding 10-foot length, and  in  the  latter 
the resistance in a 7-foot length, was also measured, and was found 
to be constant a t  a given velocity with the various bends used, and 
to agree with the loss found in  similar pipes in  the range of straight 
pipes. In the case of the 3-inch bends the pipes connected to them 
were of galvanized iron, and therefore the coefficient for these 
pipes  had to be determined. 'It was found to be considerably 
greater than  that for the  rusted cast-iron pipes and  to vary for 
different velocities, owing to the smoothness of the surface, being 
greater,  as would be expected, for the higher velocities. This 
variation is allowed for in deducting the resistance of the  straight 
pipe. 

TABLE III.-COEFFICIENT FOR GALVANIZED PIPE 3 INCHES IN DIAMETER. 

Coefficient c 

~ Feet per  Second. 
60 3.26 65.2 

100 I 5.43 
67.0 

150 I 8.15 
200 j 10.87 ~ 70.0 

68.5 

I n  the case of the 4-inch bends the  straight pipes connected to 
them were of cast iron  and had the same coefficients as those 
previously experimented upon. 

The results of these  experiments are plotted in Figs. 7 and 8. 
The velocities of flow in feet per second are plotted horizontally, and 
the losses of head due to  the  curvature of the bends are plotted 
vertically. It will be seen that  with a right-angled elbow the loss of 

head is the same in each  case and is equal to 1 17 - ; i.e., the loss 

due to R right-angled elbow is independent of the size of the pipe in 
the cases experimented upon. It will also be noticed that  the 
curves for bends of radii equal to 6 diameters and 8 diameters are 
steeper than those for bends of either  the  next smaller or the  next 
larger  radius ; and  in  the case of the 3-inch bend of radius equal to 
12 diameters, for velocities exceeding 3 feet  per second, the flow 
becomes unstable, the loss of head sometimes being much smaller 
than would  be inferred from the losses in  the bends of radii equal 
to 10 and 14 diameters respectively. I n  Fig. 9 the  radii of bends 
in terms of the diameters of the pipes are plotted horizontally, and 

V2 

2 9  
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the losses of head vertically, for velocities of  flow  of 5 feet, 7 feet 
6 inches, and 10 feet per second respectively, and for both 3-inch 
and 4-inch bends. It is readily seen that  the losses of head are, in 
general, rather less for the 4-inch bends than for the 3-inch bends ; 
and also that  the loss of head attains a minimum for a  radius of 3 
to 4  diameters and  then increases to a maximum for a  radius of 6 
to 7 diameters, and finally falls again, irrespective of the velocity. 
It will be further observed that  the loss of head in  the bends, in 

Fiy. 7. 
INCHES I 

each case, varies very approximately  as the square of the velocity of 
flow. It is interesting  to compare the foregoing results  with those 
recorded in a Paper read before the American Society of Civil 
Engineers by Messrs. Williams, Hubbell and Fenkell, “ On the Effect 
of Curvature upon the Flow of Water  in Pipes.” 1 The  diameters 
of the pipes  used in those experiments were 12 inches, 16 inches, 
and 30 inches, and  the maximum losses of head in  the right-angled 

L Transactions of the American  Society of Civil Engineers, vol. xlvii (1902), p. 1. 
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bends included in  the investigation are given in  the following 
Table :- 

TABLE IV. 

Excess Loss of Additional LOSS Coefficient C 

Head due to the 

(Fig. 9). For the Coefficient W = 5 Feet a Length Of 

same Velocity. in  last Column. i per Second. Straight Pipe. 
"$$$,eP2fid. , a ~ l ~ ~ ~ $ ~ $ m  t ~ ~ ~ $ ~ ~ ~  Resistance' of Diameters. (D). 

Additional Loss of Head  due to in  Formula 
Diameter Bend measured Radius of = 'dX Of Head due Bend for a 1 
of Pipe in Bend in of the to 4-Inch Velocityof 5Feet applying to 

--____-___ ____-___ 
Inches. Inches. Inches.  Feet. 

12 

12 

1 . 2  0.6 66.4 8.63 2 D  

23 D 30 

1.3 ~ 1.2  67.2 26.35 3 4 D  16 

66.4  15.28 4 D  12 

1.3 1 1.2 66.4 

30 4 D  

18.88 
3 D { } (average of two> 

31.40. 

{ average 
34-60 

[ average 
58.2 

58.2 

1.1 

1.2  1 .2  

Bends of four different radii  in pipes of 12 inches diameter were 
experimented upon, the  fourth being of sharper radius  than  the  three 
given in  the Table ; taking  the average of two different  results given 
for the bend of radius equal to 3 diameters, the loss of head shows 
a  tendency to decrease for 
the  largest radius. The Fiy. 9. 
loss of head was only in- '' 
vestigated  for one radius 
of bend in a pipe of 16 . W 1: 

e, '8 

inches diameter, but  in  the 5 ,"U 
case of the 30-inch pipes a w  =Iz 

the loss of head was 
measured for  bends of six $3 B 

different  radii, the  largest su 4 

being 24 diameters, and 2 

the  results show a. con- 0 Z 0  40 60 89 800 &?D 140 

tinuous increase in  the 
resistance, as  the radius of the bend increases, up  to  the largest 
radius employed in  the experiments. It is obvious that  the loss 
must  attain a maximum and  then begin to decrease again, because, 

20 

X., "10 

RADIUS OF BEND IN DIAMETERS. 

Transactions of the  American Society of Civil Engineers,  vol.  xlvii, p. 185. 
Ibid, p. 187. 
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when the radius is infinite, the additional loss due to curvature  must 
be zero. The results of the experiments  on the 30-inch bends 
would appear to show that  the maximum loss is obtained with  a 
larger proportional radius in  the case of pipes of large diameter, and 
that  the minimum loss for such bends occurs with  a rather 
smaller proportional  radius than  in  the case of the smaller bends 
employed in  the present experiments. From the results given in 
Table IT, however, the inference may be drawn that, if the radius 
of the bend is 3 or 4 diameters, taking  the smaller radius for 
larger pipes and  the larger  radius  for smaller pipes, the loss  of 
head due to  the  curvature of the bend at  a velocity of 5 feet per 
second  will not be greater than about 14 inch, the value for 
the bend of 4  diameters  radius in 4-inch pipes (Fig. 8). Since the 
loss of head is proportional to  the square of the velocity, it 
may  be inferred that  the loss of head in bends in pipes of 
any diameter between 4 inches and 30 inches, if the radius be 
thus chosen,  will not be greater  than  that given for a 4-inch 
pipe bend of a radius equal to 4 diameters. The method of express- 
ing  the loss of head in a bend in  terms of a length of straight pipe 
has obscured this fact, namely, that with bends of the most suitable 
radius the loss of head is independent of the size of the pipe. It is 
also misleading to express the loss of head in inches per foot length 
of the bend, for, a t  least in  the case  of short bends, the excess 
resistance is developed in  the  length of pipe beyond the bend, as is 
shown by the following investigation. 

I n  order to ascertain how much of the loss of head actually took 
place in  the bends and how  much in  the pipe following the bend, 
due to  the rearrangement of the velocities producing an excessive 
intensity of eddying motion there,  it was necessary to measure the 
energy contained in  unit weight of the water  as it passed the end 
of the bend. For this purpose the distribution of pressure and 
velocity across the end-section of the bend had to be ascertained. 
I n  the first instance the difference of pressure at  the extremities of 
the horizontal  diameter of that section was measured for the five 
bends in pipes of 4 inches diameter.  The results of these observa- 
tions are given in Table V, and it will be seen that  the pressure was 
always greatest a t  the outside of the curve, and  that  the difference 
of pressure in some  cases  was considerable. This suggested that  the 
water moved round the bend more or less in a “free ” vortex, i.e., 
that  the energy in each unit weight of water  remains  constant 
except for the loss of pressure due to resistance. I n  order to 
be able to compare the theoretical values of the diEerence of 
pressure at  the inside and outside of the bend, on this assumption, 
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with  the actual measurements, it is necessary to deduce an expression 
for that difference. It is well known that  in a “ free ” vortex the 
velocity varies inversely as  the radius ; thus, if v. and vi, p. and pi, 
R, and Ri denote the velocities, pressures, and  radii at the outside 
and inside of the bend  respectively, 

C, Ri 
V$ R,’ 
- = -  

Again, by Bernoulli’s theorem, 

where G = the weight of 1 cubic foot of water. 

Therefore, from (1) and (2) 

If v denote the velocity a t  radius R, 

R.. 
v, R’ 
- =  

i.e., Ro 
R R o + R <  R ’ * 

v = v0 - = (vo + V i )  X ~~ 

R; R, 1 x -  

therefore the mean  velocity = 

When  the radius of the bend  is  equal to 2 diameters, this becomes 

0.96  X , and  as  the radius of the bend  increases it gradually v0 + vi 
L 

v0 + vi . 
2 ’  

approximates to __ 

therefore  from (3) 

P O  - Pi 
G 
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From this formula the difference of head between the outside 
and inside of the bend can be calculated (Table V, col. 6) for the 
various bends, and compared with the observed results (Table V, 
col. 5). It may be observed that, since the mean velocity in  the 
bend is proportional to  the square root of the difference of pressure 
between the outside and inside of the bend at  the end section, a 
sharp bend with tube connections from these  points to a pressure- 
gauge such as that described, constitutes  a  water-metre and involves 
only a negligible loss of head. The energy due to  the velocity will 
be about the same at  the end of the bend as at  the commencement, 
because, although the velocity is not uniform across the sections, its 
mean value is of course the same. Taking  therefore the energy due 
to velocity to be the same at  the end of the bend as  at  the begin- 
ning, the loss of head in  the bend will be equal to  the difference 
of the pressure-head at  the two ends of the bend. I n  order to estimate 
the pressure-head in  the water at  the end of the bend, it is necessary 
to know the value of the mean pressure, p ,  there ; p must  therefore 
be found in terms of p. and pi. 

Let p denote the pressure at  radius R ; 

then E =E + ‘E 
G G 29 

, substituting from equations (1) and (4) 

P O  P O  -Pi Ri 
- G  G R < +  R o  
- _ _ -  . . . . . .  . .  (5) 

This formula enables the pressure-head at  the end of the bend to 
be calculated when the pressure at  the outside and  the difference 
between the pressures at  the outside and inside of the bend are 
known. If, therefore, the difference between the pressure-head a t  

the beginning of the bend and - be measured (Table V, col. 7), P O  

G 
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it to obtain the  true ioss of pressure-head in  the bend (Table V, 
col. 9). It will be seen from Table V that  the divergencies 

between the measured and calculated values of (cols. 5 and 6) 

are  not greater than would  be expected from the consideration that 
the energy per unit volume is not entirely constant at  the  inlet  to 
the bend, and  that head is lost in overcoming the resistance in  the 
bend. It will also be noticed that  the losses of head in  the bends 
themselves (col. 9) are not generally greater than  the loss in  an 
equal length of straight pipe (col. 10) for the same velocity, and 
therefore  the additional loss of head due to  the presence of the bends 
must take place in  the redistribution of the velocities in  the pipes 
following them. From this it may be inferred that  the loss of head 
due to bends deflecting the direction of the pipe through less than a 
right-angle is not likely to be materially less than for  a right-angled 
bend, unless the angle of deflection is very small. I n  order to obtain 

Fig. 10. 

G 

INCHES0 I 2 9 4 S p 7. 7 INCMKS 
Scale 3 Inches - l Foot. 

PITOT TUBE. 

further evidence as to  the  nature of the motion of the water in such 
bends as were experimented upon, the Author decided to obtain 
comparative values of the velocities across the end-section of one of 
the bends. The 4-inch pipe bend of a radius equal to 4 diameters was 
selected for this purpose, as it had proved to be a very representative 
bend. A small socket 1% inch in length was  screwed into  the centre 
of the cross section of the bend near  the end, on the outside of the 
horizontal diameter, and a small Pitot  tube (Fig. 10) was  screwed 
through  the socket, a  water-tight joint being made by a  leather washer 
forced on to  the end of the socket by a nut on the threaded body  of 
the tube. The tube consisted of a  length of $-inch gas-pipe, 
threaded to work through the socket, with an elbow  screwed on one 
end and a plug fitted in the  other end. A copper tube, 2 inch in 
outside  diameter, passed through  the plug at  the inside end and 
through the elbow at  the other end of the pipe. A cap fitted with 
a length of copper tube was screwed into  the free end of the elbow, 
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so that india-rubber pipes could  be slipped over the extremities of 
both copper pipes, to connect them  to  the gauge which  was  used for 
measuring the difference of pressures. Soldered to  the plug at  the 
inside end of the pipe was a piece of brass, l inch in length and 
elliptical in cross section, its major axis being equal to  the diameter 
of the pipe at   the bottom of the thread. A hole inch in 
diameter was drilled at  the  extremity of the major axis, a t  right- 
angles to  the axis of the pipe, near the end, and communicated with 
the inside of the pipe ; that extremity of the ellipse  was  filed so as 
to present as  sharp an edge to  the  current as possible. A second 
hole, of the same diameter, was drilled at  right-angles to  the first, 
and communicated with the inside of the  internal copper tube, 
The  former of these holes  was the velocity-opening and  the  latter 
the pressure-opening. It was found, contrary to  the Author's 
expectation, that  the velocity, in addition to raising the level of the 
water in  the leg of the gauge connected with the velocity-opening, 
exerted a suction on the pressure-opening of equal intensity.  This 
was made evident by first causing the velocity-nozzle to face the 
current  and  then  turning it through an angle of 180" so as to lie 
away from the  current,  the pressure opening in each  case being a t  
right-angles to  the  current;  the reading in  the second  case  was 
about half that  in  the first case, whereas when the velocity-nozzle 
pointed upwards and  the pressure-opening was turned away from 
the  current  the reading was  zero (Table VI). It will be noticed that 
the edge at  the velocity-opening was comparatively sharp, whilst the 
surface at  the pressure-openingywas relatively flat. Thus the difference 
in  the level of the water in  the two legs of the gauge corresponded 

very well with the formula -, and,  as for the purpose in question 

only relative values of the velocities were required, they were 
worked out from this formula. The velocity-opening could not be 
placed nearer to  the inside of the bend than inch ; the readings 
were therefore taken at  this distance from each side and a t  three 
intermediate points by removing the india-rubber tubing connecting 
the openings to the pressure-gauge after each reading, then screwing 
the  Pitot  tube across the bend to its next position, and finally 
replacing the tubing.  The velocity through the bend was kept 
practically constant during  the observations by leaving the  inlet- 
valve fully open during each observation and  regulating the flow 
by the outlet-valve, which was not interfered  with during  the  run 
-the water being cut off whilst the  Pitot  tube was  moved to  its 
new position by  closing the inlet-valve. The results obtained are 
given in Table VI, from which it will be seen-that, for the higher 

V2 
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velocities, the velocities at  the inside and outside of the bend were 
found to be very nearly inversely proportional to  the radii,  although 
the tendency for the velocity in a pipe to be greatest  near the 
centre  interfered to some extent with the distribution of velocities 
near the centre  portion of the area. This Table thus affords 
further evidence that  in such bends as those experimented upon the 
motion of the water approximates to a “ free ” vortex. 

flonch&ons.--The results of the foregoing investigations show that 
the resistance to  the flow of water is governed by various conflicting 
conditions, sometimes one being in the ascendant and sometimes 
another. I n  the case of water discharging over  weirs, the contrac- 
tion of the  area of  flow and  the absence of solid boundaries steadies 
the motion, and it therefore  takes place in stream-lines. In  the case 
of  flow in rough pipes the friction of the solid boundaries causes the 
velocity to be greater at  the centre than  at  the sides, and  there  are 
therefore cross currents from the sides towards the centre which set 
up eddying motion, and it is the  intensity of this eddying motion 
which regulates the loss of head. In the case of sudden contractions 
and enlargements, excessive swirls and eddies occur in  the corners 
which are outside the forward-moving current, causing considerable 
loss of head. In the case of bends, there is a conflict between the 
tendency, on the one hand, of the water to flow with the greatest 
velocity at  the centre of the pipe and, on the other  hand, to flow as 
a ‘‘ free ” vortex,  with the maximum velocity at  the inside of the 
bend, and these opposing tendencies result in  the formation of 
vortices and eddies which sometimes combine together and reduce 
the resistance and sometimes oppose each other  and increase the loss 
of head. Thus, a t  any section of a pipe a t  which the  intensity of 
eddying-motion is great,  there is a continuous variation of pressure 
though a  certain range; consequently the measured loss of head 
between two sections may  be, for  an  instant,  in such cases, 10 per 
cent. or even 20 per cent. greater or less than  the average. 

The following is a  summary of the results  arrived a t  in the 
Paper :- 

(l) That  the flow of water in rusted  but  not tubercled cast-iron 
pipes of 3 inches diameter or larger may  be  expressed  by the 

formula U = ~ 56 
1 

l + 4 m  
(2) That  the actual loss of head a t  contractions and enlargements 

shows  close agreement with  the theoretical values, particularly for a 
ratio of the areas as great  as 4 to 1. 

(3) That  the  additianal loss of head in right-angled elbows on 



336 BRIGHTMORE ON PRESSURE OF WATER IN PIPER. [Selected 

pipes of 3 inches or 4 inches diameter, due to  the deflection of 
the  current  through a  right-angle, is the same a t  identical 
velocities. 
(4) That  the additional loss of head in right-angled bend  pipes  of 

these  diameters  has  a minimum value for bends of a  radius equal to 
four diameters, irrespective of the velocity of flow.’ 

(5) That  the additional loss of head in pipes of these diameters 
attains a maximum for  a  radius of bend of six or seven diameters 
and falls again for bends of greater radii. 

(6) That  the loss of head in right-angled bends of a  radius giving 
this minimum loss is independent of the size of the pipe, and depends 
only on  the velocity of  flow and  the condition of the  internal surface 
of the pipes. 

(7) That  the additional loss of head in  the case of short bends 
occurs in  the length of pipe following the bend, owing to  the 
intensified eddying-motion there,  due to  the rearrangement of 
velocities. 

(8) That  in  the bends experimented upon, the flow tends to 
approximate to a ‘ L  free ” vortex, the pressure being greatest at  the 
outside and least at  the inside of the bend. 

(9) The last conclusion is confirmed by the fact that  the velocity 
was found to be a maximum at  the inside of the bend and  a minimum 
at  the outside, their relative values being approximately inversely 
proportional to  the radii. 

The Author desires to express his indebtedness to Mr. Hopps, 
the superintendent, and Mr. Collett, the assistant  superintendent of 
the Engineering  Laboratory at  the  late Royal Indian Engineering 
College,  Coopers Hill,  for assistance in devising the apparatus and 
carrying out  the experiments. 

The Paper is accompanied  by eight diagrams, from which the 
Figures in  the  text have been prepared ; and by an Appendix giving 
the numerical results from which Figs. 3, 4, 5, 7, and 8 have been 
plotted, which may be  seen in  the  library of The Institution. 


